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Roughly 10 years ago, a small number of yeast labs iso- 
lated a collection of mutants that missort the enzyme car- 
boxypeptidase Y (CPY) in an attempt to unravel vacuolar 
protein sorting, a process that is closely related to lyso- 
somal enzyme sorting in mammals. They came up with 
an overwhelming number of VfS genes-more than 50 
so far-and the screen is not saturated (see Stack et 
al., 1995b). How can sense be made of such a large col- 
lection? 
Our current model of the vacuolar transport pathway is 
illustrated in Figure 1. The CPY receptor, together with 
its bound ligand, is sorted into vesicles that bud from the 
late Golgi and fuse with the prevacuole (step i), where 
the two dissociate, allowing the receptor to be recycled 
(step 2) while CPY is delivered to the vacuole in a distinct 
vesicle-mediated process (step 3). This pathway is not only 
required for vacuolar protein sorting, but is also important 
for maintaining the late Golgi distribution of a number of 
membrane proteins, which continuously leave the Golgi 
and are retrieved from the prevacuolar compartment by 
retrograde transport (reviewed by Nothwehr and Stevens, 
1994). 
It takes a very large number of proteins to carry out just 
a single round of vesicle budding, targeting, and fusion, 
and every transport step requires a distinct (but related) 
set of proteins that confer specificity. The conservation of 
vesicle transport machinery at different transport steps 
and in different organisms has allowed observations 
drawn from yeast genetics, neuroscience, and biochemis- 
try to contribute to a general model of vesicle targeting 
and fusion known as the SNARE hypothesis (reviewed by 
Ferro-Novick and Jahn, 1994). In fact, a number of VPS 
genes encode proteins predicted to participate in the for- 
mation of SNARE complexes at several of the steps in 
Figure 1, thus accounting in part for the large number of 
VPS genes. 
Recent advances have focused considerable attention 
on an early step in vacuolar protein sorting: the budding 
of vesicles at the late Golgi that are targeted for the prevac- 
uole. Two particularly intriguing proteins have been impli- 
cated in the budding process, the dynamin-like Vpsl p and 
the yeast lipid kinase Vps34p. Both of these proteins are 
highly related to mammalian proteins involved in the for- 
mation of clathrin-coated vesicles and are therefore likely 
to represent conserved elements in the budding machin- 
ery. By examining the role of Vpsl p and Vps34p in vacuo- 
lar protein sorting in yeast, we may gain considerable in- 
sight into general mechanisms of vesicle formation that 
operate in all eukaryotes. 
Dynamin-like GTPases Function at the Golgi 
Vpslp is an 80 kDa GTPase that is closely related to the 
mammalian protein dynamin. Whereas dynamin is re- 
quired for endocytosis at the plasma membrane of mam- 
malian cells, Vpsl p is not required for endocytosis in yeast 
but instead is intimately involved in sorting at the yeast 
Golgi. In cells lacking Vpslp, Golgi membrane proteins 
are delivered to the vacuole and CPY is secreted from the 
cell (see Nothwehr and Stevens, 1994). Nothwehr et al. 
(1995) have demonstrated that in the absence of Vpsl p, 
Golgi and vacuolar membrane proteins are not incorpo- 
rated into vesicles bound for the prevacuole but are in- 
stead misdirected to the plasma membrane and reach the 
vacuole only after endocytosis (see blue arrows in Figure 
1). This suggests that Vpslp is involved in forming the 
vesicles that divert vacuolar proteins away from the secre- 
tory pathway. 
An increasing amount of data suggests that Vpslp 
works together with clathrin to form vesicles at the last 
compartment of the yeast Golgi. Payne and coworkers 
have shown that temperature-sensitive clathrin mutants 
also missort CPY and Golgi membrane proteins to the cell 
surface soon after shifting to 37OC (for references see 
Figure 1. The Vacuolar Transport Pathway 
CPY is actively diverted from secretory traffic 
at the late Golgi by binding to the CPY sorting 
receptor. The ligand-receptor complex is 
sorted into vesicles and transported to the pre- 
vacuole (step l), an endosomal compartment 
that also receives endocytic traffic. Here the 
ligand-receptor complex dissociates, and the 
receptor is recycled to the Golgi to participate 
in further rounds of transport (step 2) while 
CPY is delivered to the vacuole (step 3). 
Cell 
514 
Nothwehr and Stevens, 1994). However, a portion of the 
mislocalized proteins remains at the surface of clathrin 
mutants, perhaps because these cells are also defective 
in endocytosis. In addition, mutations in clathrin and 
Vpslp give rise to synthetic defects in membrane traffic 
similar to those observed in cells harboring mutant forms 
of both clathrin and certain of the adaptin proteins (see 
Nothwehr et al., 1995). Taken together, these results sug- 
gest that Vpslp, adaptins, and clathrin all participate in 
the formation of Golgi vesicles that sort CPY. 
The idea that Vpslp is involved in the budding of 
clathrin-coated vesicles ties in well with what we know 
about the function of dynamin. A mutation in the Drosoph- 
ila homolog of dynamin, shibire, paralyzes flies by blocking 
endocytosis and results in a dramatic accumulation of 
clathrin-coated buds at the presynaptic membrane (Ko- 
saka and Ikeda, 1983). The overexpression of mutant dy- 
namin in cultured cells does not affect receptor clustering 
and coated pit assembly, but instead prevents the constric- 
tion and pinching off of the coated pit (Damke et al., 1994). 
In GTPyS-treated synaptosomes, dynamin is found in ex- 
tended coils around the necks of coated vesicles. This 
arrangement is postulated to be an exaggerated version 
of a dynamin polymer that normally encircles the neck of 
the budding vesicle, driving membrane scission through 
a conformation al change coupled to GTP hydrolysis (Takei 
et al., 1995). If dynamin mediates the fission of clathrin- 
coated vesicles from the plasma membrane, then Vpslp 
may play an analogous role in pinching off clathrin-coated 
vesicles from the late Golgi. 
Vpsl p and dynamin are 45% identical and share a simi- 
lar two-domain organization: the N-terminal domain binds 
and hydrolyses GTP, whereas the C-terminal domain is 
required for membrane association (Vater et al., 1992; 
Herskovits et al., 1993). Expression of just the C-terminal 
domain of Vpsl p or dynamin interferes with wild-type func- 
tion and may lead to the formation of defective oligomers 
or tie up essential interacting factors. One such factor, 
MVPI, was identified by isolation of multicopysuppressors 
of a dominant vpsl mutation (see Stack et al., 1995b). 
Mvplp is itself required for CPY sorting, but is not respon- 
sible for the membrane association of Vpslp, and may 
well regulate its GTP binding or hydrolysis. 
Given the functional and structural characteristics 
shared by dynamin and Vpslp, it seems likely that both 
proteins will participate in similar protein-protein interac- 
tions. On the other hand, distinct factors may direct recruit- 
ment to different membranes by binding divergent regions 
of the two proteins. For example, the C-terminal region of 
dynamin contains two inserts not found in Vpslp, one a 
pleckstrin homology (PH) domain and the other a region 
rich in proline and basic residues. All of the proteins identi- 
fied so far that interact with dynamin in vitro and stimulate 
its GTPase activity (including microtubules and proteins 
containing SH3 domains) bind this unique proline-rich re- 
gion, but the significance of these interactions in vivo is 
unclear (see Warnock et al., 1995). 
Conserved motifs found in both dynamin and Vpslp are 
more likely to mediate interactions with conserved ele- 
ments of the budding machinery. Recent experiments indi- 
cate that dynamin binds a-adaptin in vitro, and it will be 
important to test the interaction of Vpsl p with the recently 
identified yeast y-adaptin homolog in vivo. Further genetic 
screens, as well as a more extensive characterization of 
the existing VPS gene collection, may well lead to the dis- 
covery of other factors that regulate the formation of Golgi 
coated vesicles. 
Phosphoinositide 3-Kinases and Sorting 
The identification of Vps34p as a Golgi-associated lipid 
kinase was an early indication that lipid phosphorylation 
might play a role in Golgi sorting (Stack et al., 1995a, 
1995b). Vps34p shows a striking similarity to the catalytic 
subunit of p85-~110 mammalian phosphoinositide 3-kinase 
(PI 3-kinase). The p85 subunit of mammalian PI 3-kinase 
binds the cytosolic domains of activated receptor tyrosine 
kinases and targets the ~110 catalytic subunit to the mem- 
brane (Liscovitch and Cantley, 1995). After binding ligand, 
the receptors are down-regulated by endocytosis in 
clathrin-coated vesicles. Receptor down-regulation can be 
inhibited by mutating the PI 3-kinase-binding sites on the 
receptor cytosolic tail (Joly et al., 1994) although it is un- 
clear how the PI 3-kinase influences the incorporation of 
receptors into clathrin-coated pits. Interestingly, the SH3 
domain of ~85 binds the proline-rich region of dynamin, 
and it is tempting to speculate that this interaction has 
physiological relevance for receptor-mediated endocyto- 
sis (Scaife et al., 1994). 
Vps34p has a more restricted substrate specificity than 
~110 and is only able to use phosphatidylinositol (Ptdlns) 
to form Ptdlns(3)P. This lipid kinase activity must be essen- 
tial for its function, as point mutations in the Vps34p kinase 
domain are enough to cause a sorting defect, and there is 
a strong correlation between Ptdlns(3)P levels and sorting 
(Stack et al., 1995a). Vps34p is found in a complex with 
the serinelthreonine protein kinase VpslSp, which both 
activates Vps34p and recruits it to its lipid substrates at 
the Golgi membrane, a function similar to that of ~85. 
A number of different models have been put forward 
that suggest a role for Vps34p in vesicle budding (Stack 
et al., 1995b). By analogy with the p85-~110 PI 3-kinase, 
the Vps15p-Vps34p complex may bind to the cytosolic 
tail of the CPY sorting receptor (the product of the VfSlO 
gene) and recruit it into Golgi-coated vesicles, possibly in 
response to ligand binding. Alternatively, Vps34p might 
play a more central role in vesicle formation. Lipid phos- 
phorylation by Vps34p could increase membrane curva- 
ture or stimulate coat assembly by promoting adaptin re- 
cruitment. To distinguish between these possibilities itwill 
be important to determine whether all membrane traffic 
from the Golgi is rerouted via the plasma membrane in 
vps34 mutants, as is seen in vpsl mutants, or whether 
trafficking defects are limited to a subset of receptor mole- 
cules. 
Models of Vps34p-Vpsl5pfunction must account for an 
unusual property of temperature-sensitive vps75 mutants. 
After a shift to a higher temperature, these mutant cells 
transiently accumulate CPY in a compartment other than 
thevacuole, while thevacuolar membrane protein alkaline 
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phosphatase (ALP) is correctly sorted to the vacuole 
(Stack et al., 1995b). This intracellular pool of CPY may 
arise from the trapping of receptors (together with bound 
ligand) in the Golgi because they are not efficiently re- 
cruited into clathrin-coated pits. In this scenario, ALP (and 
presumably other vacuolar membrane proteins) gains ac- 
cess to budding vesicles whereas the CPY sorting recep- 
tor does not. However, CPY could also be trapped in a 
subpopulation of Golgi-derived vesicles that are unable to 
fuse with the prevacuolar compartment. Further experi- 
ments are needed before a role for Vps34p in promoting 
vesicle fusion can be ruled out. 
If Ptdlns 3-kinase activity plays a central role in the for- 
mation of clathrin coated vesicles at the Golgi, then a simi- 
lar activity might be expected to be required for the sorting 
of lysosomal enzymes in mammalian cells. Volinia et al. 
(1995) have recently identified a mammalian Vps34p-like 
Ptdlns 3-kinase that is found in a complex with a 150 kDa 
protein that is highly homologous to VpslSp. Unlike yeast 
Vps34p, the human homolog is sensitive to low levels of 
the PI 3-kinase inhibitor wortmannin. The fact that nano- 
molarconcentrationsofwortmannin induces the rapid mis- 
sorting of the lysosomal enzyme cathepsin D from mam- 
malian cell cultures strongly suggests that mammalian 
Ptdlns 3-kinase is the functional equivalent of Vps34p 
(Davidson, 1995; Brown et al., 1995). 
Wortmannin may cause missorting of cathepsin D by 
influencing the trafficking of the mannose g-phosphate 
receptor (MPR), which sorts lysosomal enzymes that bear 
a mannose 6-phosphate moiety. Extended treatments with 
micromolar concentrations of wortmannin cause an accu- 
mulation of the MPR in the traans-Golgi network (Brown 
et al., 1995). Because the drug does not appear to affect 
secretion, endocytosis, or recycling from the prelysosome, 
inhibition of Ptdlns 3-kinase activity may block the exit of 
the MPR from the Golgi. Moreover, the assembly of clathrin- 
coated pits on the Golgi appears normal in wortmannin- 
treated cells. These data are consistent with the model that 
Ptdlns 3-kinase is required in both yeast and mammals for 
the recruitment of certain receptors into clathrin-coated 
vesicles. However, the concentration of wortmannin used 
in these studies is known to inhibit other protein and lipid 
kinases. Since catalytically inactive forms of Vps34p inter- 
fere with CPY sorting in wild-type yeast, a corresponding 
mutant form of human Ptdlns 3-kinase should provide a 
more specific reagent for studying the role of Vps34p-like 
proteins in MPR trafficking and lysosomal enzyme sorting. 
Vpslp and Vps34p Function in Golgi Sorting 
All of the data available are consistent with a model, shown 
in Figure 2, in which the dynamin-like protein Vpslp and 
the lipid kinase Vps34p function in clathrin-coated vesicle 
formation at the yeast late Golgi. We predict that Vpsl p, 
like dynamin, serves to constrict and pinch off the coated 
pit and that a Vpslp homolog will also act to promote 
clathrin-coated vesicle formation from the frans-Golgi net- 
work of mammalian cells. The role assigned to Vps34p 
and Vpsl5p in this model is more speculative. Recent 
findings suggest that Vps34p, as well as its human homo- 
log, may be required for the recruitment of sorting recep- 
tors into Golgi coated vesicles as depicted in Figure 2. In 
this scenario, Vps34p is not required for creating the vesi- 
cle itself, but rather is required for determining what cargo 
is sorted into the budding vesicle and thus efficiently 
sorted to the vacuole. However, a role for Vps34p in the 
formation or fusion of a subset of transport vesicles is also 
consistent with the data (see above). 
Just as the precise site of function of Vps34p is uncer- 
tain, it is also unclear whether Vpslp function is limited 
to the late Golgi. As previously described, vpsl mutants 
exhibit a block in membrane traffic leaving the Golgi for 
the prevacuole. However, Golgi membrane proteins that 
are redirected to the plasma membrane in vpsl cells tran- 
sit through the prevacuole after endocytosis. Because 
they do not recycle back to the Golgi at this point but 
instead are delivered to the vacuole, vpsl mutants seem 
to be additionally blocked in retrieval from the prevacuole 
(Nothwehr et al., 1995). Both clathrin and Vpslp may also 
be involved in the retrieval process, an idea that is particu- 
larly attractive in light of the similarity of retrieval signals 
found on yeast Golgi membrane proteins to those required 
for endocytosis in clathrin-coated vesicles in mammalian 
cells (Nothwehr and Stevens, 1994). Alternatively, the 
block in recycling could be an indirect effect of a block in 
forward traffic. This is in fact the case in Drosophila shibire 
mutants, where the paralysis that occurs within 1 min of 
a shift to the higher temperature is actually due to the 
depletion of synaptic vesicles, which are derived from re- 
cycling endosomes. 
Figure 2. Formation of a Clathrin-Coated Vesicle at the Yeast Late 
Golgi 
In this model, binding of the Vps15p-Vps34p complex to the CPY 
sorting receptor (VpslOp) allows the receptor to be recognized by 
clathrin-associated adaptor complexes (i.e., adaptins) and incorpo- 
rated into the coated pit. Vpslp acts at the final step of vesicle forma- 
tion, that of membrane fission. Other models of Vpsl5p-Vps34p func- 




The more we learn about vacuolar protein sorting in yeast, 
the greater the similarities we find with the process of lyso- 
somal enzyme sorting in mammals. The existence of a 
prevacuolar compartment intermediate between the Golgi 
and the vacuole analogous to the prelysosome has only 
recently been recognized. Moreover, the CPY sorting re- 
ceptor, VpslOp, seems to have an aromatic amino acid- 
based signal, similar to that of the MPR, that directs its 
recycling between the Golgi and prevacuole. It appears 
that the machinery required for the budding of clathrin- 
coated vesicles from the Golgi, as well as the involvement 
of a dynamin-like protein and a Ptdlns 3-kinase, is also 
highly conserved between yeast and mammals. Further 
analysis of Vpslp and Vps34p and their interacting pro- 
teins should contribute greatly to our understanding of 
vesicle formation. The large number of currently uncharac- 
terized VPS genes, which are likely to encode critical but 
as yet unidentified players in sorting processes in all eu- 
karyotes, is an indication of just how far we are from under- 
standing vacuolarllysosomal protein sorting in particular 
and vesicle transport processes in general. 
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